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IRON NUTRITION OF CORN INBRED LINES 
Definition of Problem: 
Differential responses of members of a particular 
species to varying environmental conditions have resulted 
in the evolution of large numbers of cultivars whose agro¬ 
nomic and horticultural assets are invaluable. Study of 
intra-specific differences in mineral nutrition is a late¬ 
comer in the field of environmental variables. This apparent 
lateness not-withstanding, a sizeable volume of literature 
has appeared on this topic. This is to the advantage of crop 
breeders and researchers, since, genetically influenced dif¬ 
ferences in plant composition and nutrition, especially where 
soils are a factor, should be exhaustively evaluated prior to 
the introduction of any new varieties into specific regions. 
There are noticeable differences in the response of 
various inbred lines of corn to the iron supply in the growth 
medium. While some lines are nutritionally efficient with 
respect to iron and do not develop symptoms of iron deficiency, 
inefficient lines develop iron-deficiency symptoms even at 
relatively high levels of iron. These varietal differences 
in iron nutrition have given rise to the present study, the 
purpose of which is to investigate the mechanism of resistance 
and susceptibility to iron chlorosis, a condition symptomatic 
of iron deficiency. 
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REVIEW OF LITERATURE 
Intrarvarietal differences In mineral nutrition: 
The capacity of any plant to obtain adequate mineral 
nutrition from the soil depends not only on the edaphic 
factors but also on the particular plant species or variety. 
It is these differences in nutritional abilities, in addition 
to other genetic differences that partially account for the 
adaptability of crops to specific environments, an adaptation 
which in many cases is of tremendous agronomic consequence. 
Numerous instances of differential nutrient uptake among 
varieties have been recorded and impressive reviews on this 
subject have been prepared by Vose (167) and Millikan (111). 
Foy, et al. (52) have reported that varieties of wheat 
(Triticum aestivum. L) and barley (Hordeura vulgare. L.) 
differed widely in their tolerance to acid soils containing 
high levels of KCl-extractable aluminum; varieties developed 
in the Eastern United States were more tolerant than those 
developed in the Plains and Western States. Wheat varieties 
from Brazil were exceptionally tolerant, an indication that 
certain varieties have been selected for properties very closely 
associated with their abilities to tolerate aluminum in acid 
soils. Genetically controlled differences in accumulation of 
Sr and Ca in the grain have been found to exist in barley and 
wheat varieties (142). Thus, studies of rates of Sr transport 
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from nutrient solutions containing varying concentrations 
of Sr indicate a definite trend towards higher rates of Sr 
transport by roots of intact 12-day old Regal barley seed¬ 
lings as compared with Tregal (124). 
Two crops that have received the most attention in this 
regard are soybeans (Glycine max (L) Merr.) and corn (Zea 
Mays L.). In 1943# Weiss (177) noted marked differences in 
chlorosis among varieties of soybean when planted on calcareous 
soils for the first time since their introduction to the U.S. 
from Manchuria. On the basis of F2 and populations of 
crosses between efficient and inefficient varieties, and of 
back-cross populations, differences in efficiency of iron 
utilization were shown to be conditioned by a single gene. 
Thus while Hawkeye (HA) is efficient in ability to absorb and 
translocate iron from a given nutrient medium, PI 5^619-5-1 
is inefficient. Using reciprocal grafts of PI 5^619-5-1 tops 
on HA rootstalks and vice versa, Brown, et al. (26, 30) showed 
that these differences were related to the genotype of the 
root stock, and more specifically, to the reductive capacity 
of the roots (32). HA roots had a greater reductive capacity 
than PI 5^619-5-1 roots. When HA, PI 54619-5-1 and their iso¬ 
lines A 62-9 (iron efficient) and A 62-10 (iron ineficient) 
were grown on comparative soils and solution cultures, it was 
also noticed that a differential response existed in the 
efficient soybeans (36); A 62-9 was less efficient than HA, 
this loss in efficiency being related to a loss in the ability 
of A 62-9 to reduce ferric to ferrous iron at the root. The 
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reductive capacity of the roots' of the four genotypes was of 
the order HA^A 62-9^ PI 54619-5sA 62-10, 
With respect to the accumulation of Ca and Sr, Kleese 
(99) by using stem grafts determined the relative importance 
of the stem and root in controlling genotypic differences. He 
found that the accumulation of Sr-89 and Ca-45 in seeds was 
largely controlled by the genotype of the stem, while in the 
terminal 12-15 cm of the stem, Sr-89 and Ca-45 accumulation 
was under the influence of both the stem and root, with the 
stem being relatively more important. 
As early as 1926 Hoffer (73) observed that the absorption 
abilities of selfed lines of corn and of crosses between them 
vary widely with respect to certain of the essential elements 
and to the iron and aluminum salts in the soil solution. The 
amount of most minerals was intermediate between those of the 
parents but K was higher and Fe and A1 lower. Bell, et al. 
(12) investigated the response of ys, mutants of corn showing 
yellow stripes between the main vascular bundles. The homo¬ 
zygous recessive maize mutant yellow-stripe 1 was shown to 
respond differently from plants carrying at least one dominant 
allele at the ys.^ locus to various iron sources. The mutants 
appeared to be unable to utilize ferric iron efficiently. The 
metabolic lesion associated with the ys^ locus has subsequently 
been shown to reside in the absorbing areas of the roots (11, 
13). Bell1s observations have been verified in reports by 
Brown (28) in which they noted a differential response of 
iron-inefficient (yellow-stripe l) mutant and Pa 54, an efficient 
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variety on calcareous soils. 
Other differential responses among corn inbred lines 
have been reported by Rabideau, et al. (127) in their investi¬ 
gation of the absorption and distribution of P-32 by two 
inbred lines and their hybrid. They observed that the hybrid 
which had the largest root system absorbed the greatest amount 
of P-32. Foy and Barber (53) used corn inbred lines Wf 9 
(high leaf-Mg) and Oh 4OB (low leaf-Mg) to test the hypothesis 
that differences in feeding power could be explained by dif¬ 
ferences in root properties. They concluded that the low 
levels of Mg in Oh 40B leaves were not due to any lack of Mg 
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absorbing capacity, since Oh 403 roots had a higher total 
cation exchange capacity and absorbed Mg more rapidly from 
solution. The low levels were attributed to an immobilization 
of Mg in the stems of Oh 40B, 
Other crops have also been studied. Celery (Aplum 
graviolens. L.) suffers from a susceptibility to boron defi¬ 
ciency, conditioned by a single recessive gene (125). The 
abnormal sublethal phenotype, brittle stem, in tomato (Lycoper- 
sicum esculentum. Mill.) was found to be controlled by a single 
recessive gene (168) and heredity has been implicated in the 
differential ammonium tolerance of tomato inbred lines (110). 
Causes of Derangement in Iron Nutrition: 
The causes of a deranged iron nutrition and metabolism 
are varied and cover the whole spectrum from the absorption 




intertwined and related, an attempt will be made to discuss 
them under two major headings, viz. environmental and nutri¬ 
tional causes. 
(a) Environmental causes include soil moisture, temperature, 
and the reaction of the medium; these topics will be discussed 
in that order. The adverse effects of high soil moisture 
levels on the development of iron chlorosis in plants is 
generally recognized, but not much has been published on the 
subject. In the presence of high moisture, there is an increase 
in bicarbonate ion concentration and manganese; these two con¬ 
ditions are known to aggravate the iron chlorosis problem.. 
Also, the effect of high soil moisture may be exerted via its 
influence on soil aeration; low oxygen tensions are associated 
with high water levels. This would not only depress the ge¬ 
neral level of metabolism in the plant but would also result 
in decreased root growth and a decreased absorption of iron 
along with other elements. 
The effect of temperature on iron chlorosis may be 
exerted through its influence on the plant and soil microflora. 
Brown (26) noted that cool temperatures enhance chlorosis in 
Gardenia and flax (Linus usitatissimum. L.). Thorne, et al. 
(155) feel that cool temperatures do not prevent iron uptake, 
but apparently aid in inactivating iron within plants. Since 
iron uptake and translocation are metabolic processes and 
hence are affected by temperature (92) it would be expected 
that moderate increases in temperature, within limits, would 
enhance the process. This expectation has been realized in 
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the work of Rickels and Lingle (130) on tomato plants. They 
also found that the acitvity of iron in the roots of iron- 
deficient plants at 30°C root temperature was less than the 
activity at 24°C. This disparity was attributed to conditions 
wherein the rate of translocation exceeded the rate of absorp¬ 
tion and thereby reduced the iron concentration in the roots. 
This disparity may also be due to secondary effects such as 
an inactivation of iron in the plant by other nutrients whose 
absorption may also be enchanced by high temperatures (40). 
These deviations not-withstanding, in general increased tem¬ 
peratures are accompanied by increased absorption of iron 
(64, 160). 
That the reaction of the growth medium or soil Isa 
critical factor in the development of chlorosis is almost 
axiomatic. Since iron compounds are more soluble at high hy¬ 
drogen concentrations (low pH values), the liming of acid soils 
decreases the available iron. The value for the solubility 
product of ferric hydroxide at pH 4 is 6 x 10“-^, much lower 
-14 / /* \ 
than 10 for ferrous hydroxide (16). The solubility decreases 
by a factor of 1CK for each unit Increase in pH; In alkaline 
solutions, ferrous iron which is still slightly soluble near 
neutrality is rapidly oxidized to the ferric state. Tanaka, 
et al, (153) in their experiment with rice concluded that at 
low pH, iron in the leaves or roots retranslocated to new 
growing leaves; at high pH, the rate of iron oxidation by the 
roots is higher, and more iron is retained in them. Thus, at 
high pH, iron in the roots does not readily translocate to the 
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shoot, and there is a tendency for the iron in the shoot to 
retranslocate to the roots. Patten and Mains (122) found 
that all iron was precipitated from a HC1 solution at and 
above a pH of 6.0 while all iron remained in solution below 
a pH of 3.5. In fact, the availability of iron becomes a 
limiting factor where the pH is higher than 5.7. 
Some plants tend to be nutririonally' efficient with 
respect to iron at lower pH values while others are inefficient 
at these' values. Bahn, et al. (9) have shown that Hawkeye, 
an efficient soybean variety, suffered from toxicity with 
highly acid solutions induced by ammonium ions in the nutrient 
culture. PI 54619-5-1 which is inefficient showed a better 
performance at these values. This is in agreement with Olsen 
(118) xtfho noted that some plants absorbed too much iron under 
acid conditions in the rooting medium, and suggested that this 
could be overcome by either increasing the pH or increasing 
the calcium level. Small (l4l) has postulated that acid-loving 
plants appear to have a dominant oxalate-malate buffer system 
and such plants are injured by alkalization of the medium; in 
contrast, species with a citrate-phosphate buffer complex are 
adapted to high pH conditions while a balanced citrate-malate- 
phosphate system leads to a wider range of adaptability, 
(b) Nutritional causes include the relationship between iron 
and other cations and anions, and can be broken down into 
external and internal factors. Competition and precipitation 
in the nutrient medium come under external factors while inter¬ 
nal factors embrace such phenomena as inactivation and preci- 
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pitation within the tissues. However, in the interest of 
continuity in the discussion, no attempt will be made to 
separate these two headings. 
In 1945, Harley and Lindner (66) observed that irri¬ 
gation of apple and pear orchards with bicarbonate-rich waters 
led to the development of chlorosis which could be alleviated 
by substitution with water low in this ion. Wallihan (173) 
noted that substantial amounts of tagged iron moved in the 
tops of control orange seedlings but none was detected in the 
stems of culture plant from bicarbonate-treated cultures. 
Although several confirming reports have appeared in the lite¬ 
rature, the nature of the effect of the bicarbonate ion on the 
absorption process has received diverse interpretations. 
Baxter and Belcher (10) have attributed this effect to an acccu- 
mulation of bicarbonate by the plant, with the consequent 
increase in tissue pH and an accompanying inactivation of iron. 
By using split-medium technique, Brown, ejt al. (26, 33) ob¬ 
tained data which led to the conclusion that the effect of bi¬ 
carbonate on iron chlorosis is, in part, the inter-relation¬ 
ship among HCO^, P, Ca and Fe in the growth medium; thus bi¬ 
carbonate by itself does not appear to be a direct cause of 
iron chlorosis. 
Phosphorus relations within and outside the plant are 
an important factor in any consideration of the chlorosis pro¬ 
blem. Franco and Loomis (54) reported that moderate amounts 
of KHoP0. (0.5 - 0.7 jumoles) caused iron chlorosis of seedlings 
2 4 
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in solutions less acid than pH 5,5 - 6.0; the trouble could 
be alleviated by complete omission of P or by a separate 
addition. Rediske and Biddulph (128) showed that a high con¬ 
centration of P in the nutrient solution retards the uptake 
of iron. Phosphorus may compete for iron with chelating 
agents thus rendering it unavailable to the plant (162). That 
iron chlorosis in susceptible lines or varieties can be aggra¬ 
vated by P was shown by Khader and Wallace (97) who found that 
high levels of P were more inhibitory to iron translocation 
in trifoliate orange (Ponclrus trifoliata (L) Raf.), an iron- 
efficient variety, than in rough lemon (Citrus limonia. L.). 
A similar result was obtained in soybeans (4); PI 546l9-5-li 
another inefficient variety was less susceptible to iron chlo¬ 
rosis at low levels of P than at high levels, as indicated by 
the percentage of chlorotic leaves. 
The effect of phosphorus on iron a\railability is not 
restricted to the nutrient solution. In several instances, 
an internal inactivation of iron by P has been postulated or 
% 
induced. Using a split-medium technique, an internal immo¬ 
bilization of radio-iron by phosphorus absorbed from the 
nutrient solution has been demonstrated; chlorosis developed 
on PI 54619-5-1 but not in HA soybeans, an effect that was 
accentuated by Ca (31). 'I Olsen (117) showed that plants grown 
in water cultures relatively rich in phosphorus became chlo¬ 
rotic even though the total iron content of the leaves of the 
chlorotic plants was as much as, or more than, the iron content 
of green leaves. He also observed that chlorotic plants 
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absorbed more phosphate, an observation which led to the 
conclusion that iron was precipitated in the leaf tissue, 
particularly along the vascular bundles, as ferric phosphate. 
Biddulph and Woodbridge (l6) corroborated Olsens report and 
have appropriately called this type of iron inactivation 
"phosphorus-induced" chlorosis. 
In corn and pinto beans (Phaseplus vulgar!s. L.) iron 
concentrations in the tissues do net appreciably change with 
increasing P levels (174) but the P/Fe ratio increases seve¬ 
ral fold. It has been suggested that the Fe concentration is 
not the direct cause of the appearance of deficiency symptoms 
and reduced growth; these symptoms are associated with high 
P concentrations which in turn interfere with the utilization 
of iron by the plant. A ratio of greater than 60 appears to 
have a detrimental effect on yield, in confirmation of De Keck’s 
earlier proposal (44) that the P/Fe ratio could serve as a 
useful index for determining the status of iron in plants. A 
high ratio indicates lack of iron or excess of P while a low 
ratio is indicative of iron toxicity or a possible P deficiency. 
In mustards the degree of chlorosis was related to the iron 
content of leaves but not in any clear-cut manner (44). Olsen 
.obtained a ratio of 60-70 for chlorotic plants and values of 
40-50 for healthy plants, comparable to the ratios obtained 
by Watanabe, et al. (174) for growth. By proposing that high 
P contents of chlorotic plants probably result from a metabolic 
imbalance in the cell due to iron deficiency, DeKock (44) has 
suggested that the high P concentrations are a result of iron 
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deficiency, rather than the reverse. The results of Sellappah 
and Ulrich (135) tend to support the view that increases in 
P04- P concentration occurred as a consequence of Fe deficiency. 
This line of reasoning is contrary to those of Biddulph (16) 
and Rediske and Biddulph (128) who believe that excess PO^,- P 
causes chlorosis by precipitation and consequent inactivation 
of iron. 
The influence of calcium on the absorption of iron by 
plants is profound. Iron chlorosis is a serious problem on 
most calcareous soils, hence the name "lime-induced” chlorosis. 
The calcium concentration of the nutrient medium has been im¬ 
plicated as the immediate cause of chlorosis (31, 35» 171). 
Thus Olsen (118) recommended the alleviation of iron toxicity 
by an increase in the calcium level; this is a confirmation off 
the works of Taper and Leach (154). Besides the effect of the 
calcium ion, ner se, calcium also has a secondary or additive 
effect on chlorosis induced by high phosphorus, since more 
phosphorus and calcium were absorbed by the plant when the two 
elements were in solution together and iron chlorosis did not 
develop when the two elements were added separately (31• 35). 
The effect of calcium in retarding the translocation of iron 
to the tops of tobacco has been theorized as being due to two 
processes- a diminution in the pores of the cell wall, and the 
formation of insoluble iron compounds in the roots (149). 
Potassium, magnesium and rubidium do not appear to be 
of much consequence in their effect on the uptake and utiliza¬ 
tion of iron by the plant. In soybeans (potassium + rubidium) 
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and magnesium must be present in much higher concentrations 
to interfere with iron uptake-translocation to any great degree 
(106). K + Rb concentration did not interfere until the con- 
centration exceeded 1 x 10 ^M while Mg interfered only when 
its concentration was 2.5 x 10 VM or more. It has been 
suggested that a relatively high K level induces chlorosis by 
replacing Fe on the enzyme responsible for chlorophyll forma¬ 
tion (105). Hoffer (74) reported an abundance of iron in the 
nodes of corn plants in which potassium was lacking. This 
discovery made possible the use of corn stalks as an aid in 
determining the nature of soil deficiencies in the field in 
which the corn was grown. Lesser quantities of Fe were asso¬ 
ciated with greater quantities of potassium,and Hoffer (78) 
recommended a modified treatment with K to combat the severity 
of the root rot damage. Sellappah and Ulrich (135) have 
shorn slight increases in Mg and K and a small decrease in Na 
in iron-deficient blades df- sugarbeet (Beta vulgaris). 
The relationship between iron and the heavy metals is 
an interesting one. Copper has been reported to decrease the 
iron content of citrus leaves (145)» an effect which was addi¬ 
tive to that of phosphorus. Chlorosis can be induced where 
copper is relatively high (129). Thus much of the chlorosis 
in Florida citrus and vegetables has been attributed to the 
excessive use of copper in fertilizer and spray materials. 
Erkama (50) Has proposed that copper and iron act synergist- 
ically, the active iron being incorporated into enzymes and 
other proteins through the agency of copper. 
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Data pointing to a decreased absorption of iron by high 
levels of manganese have been presented. In pineapples 
(Ananas sativus, Schult. f.) (56, 58, 90, 91), rice (152), 
tomatoes (131), soybeans (143, 144) and the dwarf Kidney beans 
(104) decreases in iron have been reported, and iron deficiency 
was induced by high levels of manganese. Since the total amount 
of iron plus manganese absorbed by the plant remains virtually 
constant, irrespective of the ratios of the two metals in the 
culture solution, Leach and Taper (104) have suggested a degree 
of inter-changeability in the functions of the two metals, 
Somers and Shive (144) noted that the pathological symptoms 
V. 
produced with excessive iron are identical to those produced 
under conditions of manganese deficiency, and vice versa. Man¬ 
ganese toxicity symptoms in oats are similar to those of iron 
deficiency, and iron chlorosis has been produced by increasing 
the manganese level (163). However, the simultaneous existence 
of deficiencies of iron and manganese on the same plant, as 
observed by Hewitt (67) would tend to contradict the observations 
of both Somers and Shive (144) and Twymann (163), i.e., that 
these elements have inter-related functions. According to Hewitt 
(67) toxic effects of excess manganese can be readily dis¬ 
tinguished from symptoms of iron deficiency. Tanaka, et al, 
(15*) have shown in rice that iron deficiency and manganese 
toxicity are different from each other and develop independently; 
however, because there is an‘antagonism between the uptake of 
the two elements, the symptoms frequently appear simultaneously, 
hence the confusion. 
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Different hypotheses have been proposed to explain the 
effects: of manganese on iron utilization. Johnson (91) 
attributes manganese chlorosis in pineapples to an oxidation 
of ferrous to ferric iron by manganese at pH values above 5,5. 
The same hypothesis is used by Hopkins (81) to explain the 
function of manganese in the cell — that of controlling the 
+2 
ratio of Fe : Fe Twymann (164) supports the existence of 
"active’' and "inactive" forms of iron; he postulates the 
existence of a primary acceptor of iron responsible for trans¬ 
ferring the iron to active metabolic processes, Mn competes 
with available iron for reaction with the iron acceptors, 
forming stable inactive metabolites. This is in line with the 
views of Sideris and Young (140), i.e., that the development 
of chlorosis from high manganese is due to a biochemical anta¬ 
gonism between homologous substances, whereby manganese subs¬ 
titutes for iron in propoporphyrin 9 thereby inactivating the 
latter for subsequent conversion to chlorophyll. However, 
this does not seem plausible since iron does not seem to be 
a constituent of protoporphyrin 9. The explanations based on 
the oxidation of ferrous to ferric iron have received support 
from Somers and Shive (144) but these oxidation reaction do 
not seem to take place in the nutrient solution or soil as 
shown by Sideris (137). 
Gerretsen (55) considers iron and manganese as comple¬ 
mentary oxidation-reduction catalysts, the system involving 
a photoreduction of.ferric iron by divalent manganese. Chlo¬ 
rosis brought about by too high a manganese/iron ratio is 
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assumed to be caused by photoreduction of chlorophyll. Here, 
again, since iron is not a part of the chlorophyll molecule, 
the explanation does not seen appropriate. Srkama (59) has 
proposed that, taking both their structure and biological 
effects into consideration. Hr, Cu and Fe could be considere -3 U. 
as forming a physiological unit of synergism between Cu and 
Fe and antagonism between Fe and Nn. According to this view, 
iron is absorbed by plant roots in the ferrous state and in 
the absence of interferring manganese ions is translocated to 
the leaves where It is metabolicaliv active in enzymes co— 
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There have been varying reports on the relative import¬ 
ance of iron: manganese ratios of the nutrient solution and 
the plant tissue in the induction of chlorosis symptoms. 
Leach and Taper (104) found that re/hr ratio in the culture 
solution must be within a definite range in order tc avoid 
iron or manganese deficiency symmtoms. This range was 0.5 -5.9 
JL - »».' ‘ or tomato plants and 1.5- 3.9 for dwarf bean plants. 
(l6b) after examining the effects cf both manganese and iron 
supplies or the absorption of Hr and Fe by tomatoes, lettuce 
and oats concluded that the ratio of total iron/total manganese 
in the riant was not of much significance in determining defi¬ 
ciency or toxicity of Hn. Somers, gb al. (1^3» 1^4) divided 
the manganese and iron into soluble and insoluble components 
and showed a relationship among dry weight of plants, expression 
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of deficiency symptoms and the ratio of soluble iron to 
soluble manganese. He showed that the condition of the plant 
was related to the Fe/Mn ratio and not to the absolute 
amounts of these cations in the nutrient medium. Healthy 
plants were produced when this ratio conformed to a certain 
range, 1.5 - 2.5 for soybeans. Below 1.5 the plants showed 
symptoms of iron chlorosis (manganese toxicity) and above 2.5 
they showed signs of manganese deficiency (iron toxicity). 
Lion.Compounds and Content in the Soil: Oxidation-Reduction 
reactions t 
The total iron content of the soil is not related to 
the availability of this element to plants and is of no value 
in diagnosing Fe deficiency. The iron content of soil varies 
from one soil to another, depending on the soil forming process 
involved. Analysis of representative surface soils of humid 
regions shows 2.5^ Fe (37) but the range varies from as little 
as 200 ppm to more than 10% (14). 
Common iron compounds in the soil are hematite (iron 
oxides), limonite (hydrated iron oxide), maghemite or lodestone 
and siderite or ferrous carbonate. The last named occurs 
chiefly in waterlogged soils and the green color is indicative 
of deficiency in aeration and reducing conditions. The red 
color of most soils of hot humid tropics is due to their greater 
content of iron oxides and hydroxides. 
Since iron exists in several forms in the soil which are 
of varying solubilities, it is the form of the iron which is 
of consequence to the plant. The form most absorbed by plants 
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appears to be ferrous (17, 6l, 93) which in neutral solutions 
may exist in a concentration of 10~Sl as opposed to 10~^ for 
ferric ions. The relationship between the ferrous and ferric 
forms is to a large extent controlled by the soil microflora, 
which affect these transformations. Alexander (5) has listed 
a number of microbial transformations of iron in the soil, and 
a partial summary of these is given below: 
1. The iron bacteria (which include both heterotrophs 
and autotrophs) may oxidize ferrous iron to the ferric state 
and thus precipitate it as ferric hydroxide. 
2. Iron could be precipitated in certain water soluble 
organic compounds, in which the organic portion of the molecule 
provides energy for microbial proliferation; iron is released 
and precipitated as insoluble ferric-salts by the decomposition 
of carbonaceous moiety. 
These first two processes are oxidation processes and 
and carried cn by aerobic groups of organisms. Ferrous oxi¬ 
dation proceeds at pH 2.0 - 4.5 with an optimum at 3.15. In 
-v terras of oxidation-reduction potential, ferrous iron becomes 
promiment at a potential of 0.2 volts and a lowering of this 
potential tends to accumulate ferric iron, as in well drained 
soils. 
3. Biological reduction of iron is a direct factor in 
the production of "gley" soils. The production of sulfide 
either through organic sulfur mineralization or by the re¬ 
duction of sulfate by Desulfovibrio spp. may cause precipi¬ 
tation of ferrous sulfide by a reaction of hydrogen sulfide 
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with iron salts. 
4. Production of acidic end products by many organisms 
increases the acidity of the soil and thus brings iron into 
solution. 
From the above discussions, it is not difficult to see 
why or how the nutritional or ecological relationships in the 
soil control the development and expression of iron chlorosis 
in the plant. Any of the above listed factors may under given 
circumstances limit the availability of iron to plants and, 
in general, an attempt is usually made to strike a balance 
between them. 
Transport and distribution of iron in plants. 
Until relatively recent times, iron was considered to 
be immobile in plants (107, 132). This immobility theory was 
supported by some reports of localized greening of chlorotic 
leaves sprayed with iron solutions. Withee, et al. (180) 
reported that three foliar sprays of iron sulfate solution 
were necessary for maximum yield of sorghum. The implication 
of this report was that since iron was immobile, it was 
necessary to administer post-emergence sprays to new leaves 
to avoid chlorosis. 
Other reports tend to advocate a relative or slight 
mobility of the element in plants (23, 38, 39# 48, 112, 123). 
Rediske and Biddulph (128) have suggested that the iron con¬ 
centration of the tissue is primarily a factor determining the 
mobility of iron, mobility being greatest when tissue concen¬ 
trations are lowest and vice versa. But the question of 
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redistribution has not been dealt a final blow. Whereas 
Burke (39) and Molisch (112) observed that application of iron 
compounds resulted in a regreening of younger chlorotic leaves 
(recovery was partial or negligible in older leaves) Pfeffer 
observed that 
"in a starved green plant, as well as in a fungus, the 
iron and potassium may be removed from the older dying 
organs and transferred to the younger growing parts so 
that the growth may not immediately cease" (123). 
This observation is inconsistent with current observations 
that under conditions of iron deficiency, older leaves in 
plants may remain green while newer leaves turn yellow or are 
completely bleached. According to Bukovac, .et al. (38) about 
10% of the iron applied to a spot on a bean leaf was trans¬ 
located; this translocation was only within the treated leaf. 
Using labelled iron, Doney, et al. (48) found 25^ of the label 
applied to a leaf on the apex of leaves of bean plants. This 
has also been observed in sorghum, cotton and red Kidney bean 
by Brown, et al, (23). They also noted that significant 
amounts of Fe^ were transported particularly to the actively 
growing regions. Labelling in mature leaves was attributed 
to movement in the transpiration stream directly, or as a 
result of leakage from the phloem (23). Thus any redistri¬ 
butions are mostly to the regions of intense cellular activity. 
Hence, the failure of older chlorotic leaves to regreen after 
iron treatment. 
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The mechanism of the transport of iron within plants has 
received great attention though conclusive evidence is not 
available. Brovin (26) concluded that since HA plants can 
absorb-translocate iron better than PI 5^l69-5~- they must 
have a metabolic process which affects the solubility or availa¬ 
bility of iron at the roots. The solubility of iron within 
the plant against pH changes has been attributed to natural 
chelators, most probably plant acids (2?, 156, 157* 15$). By 
the use of exchange chromatography it has been shown that the 
exudate iron from a variety of plants is associated with a 
complex which behaves as an anion (132^). Tiffin (158) obtained 
electrophoretic patterns showing that exudates from sunflower, 
cucumber and tomato gave iron concentrations In the position 
of iron citrate. That citrate is involved in iron transport 
is supported by the fact that iron and citrate appear In the 
exudate together (27). Other organic acids, notably malic 
acid (156, 161) have been implicated in this multicomponent 
system, but over-whelming evidence points to iron being trans¬ 
ported as iron-citrate and finding its way into the xylem of 
the root where it is translocated to the tops of intact plants 
(27, 156, 157, 159). 
The. discovery of sideramines in aqueous extracts of 
tomatoes, lettuce, cabbage, cauliflower and leek (120) has 
opened up another avenue to the iron transport problem. 
Sideranine is a generic name for ferrioxamines and ferri- 
chromes; these contain amino acid and hydroxamic acid groups 
that are capable of complexing ferric iron and render it 
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soluble in water (120). Watercress plants, Nasturtium, suffer¬ 
ing from iron-deficiency chlorosis contained more sideramines 
than normal green plants (121). This has led to the suggestion 
that sideramines are produced in the "des-ferri" form by iron- 
deficient plants; the production is inhibited by a negative 
feed-back when iron nutrition is inadequate, The presence of 
ferrochelatase has been demonstrated in French bean seeds (120); 
the enzyme inserts ferrous ions into porphyrins to produce 
cytochromes and other iron-porphyrin compounds. It has been 
suggested that ferric iron may move through the plant as a 
sideramine complex; it is then released by reduction to the 
ferrous state and is made available for the action of ferro¬ 
chelatase (121). 
Since iron plays an important part in many enzyme systems 
which are located in different parts of the plant, the dis¬ 
tribution of this element is not uniform throughout the plant. 
Kill and Lehmann(71) found that isolated chloroplasts of 
Clayton!a contained four times as much iron as would be ex¬ 
pected if iron were equally distributed throughout the leaf. 
Whately, et al. (178) and Murphy, jet al. (113) found iron to 
be concentrated in chloroplasts, plastids-nuclei and mito¬ 
chondrial fractions. This is not unreasonable considering 
that these are the sites of photosynthesis, respiration and 
other metabolic activities in which iron participates. 
The greatest iron concentration is usually found in 
the roots (113) ^^d leaves generally have a higher concen- • 
tration than stem (60, 113). This higher content found for 
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the root has been taken to imply that roots satisfy their own 
iron requirements before transporting any of the iron to 
other parts (113). Lower or older parts of the plant generally 
contain higher iron concentrations than middle and upper parts. 
Thus in rough lemon, older leaves are higher in iron than 
younger ones (59) and the lower nodes and leaves of corn have 
higher concentrations of iron than the top parts (60, 77). 
This explains why in cases of iron deficiency, leaves commence 
to die at the top rather than at the base of the plant; also 
chlorosis is apparent on younger leaves first. 
In normal pea plants labelled iron rapidly accumulates 
in the vascular bundles and moves slowly to the surrounding 
mesophyll (22). In corn, the tissues in which iron accumulates 
are tne vascular bundles in the nodes of the stalk and the 
scutellum of the kernels (77). The accumulation of iron in 
the nodes of the stalks was used by Hoffer, et al. as a 
diagnostic technique in detecting potassium deficiency in soils 
on which corn was grown (75» 76, 77). 
Iron in Plant Metabolism 
The effects of iron deficiency in plants are not entirely 
a novelty. In fact, as far back as 1844, Gris (63) drew 
attention to a failure in chlorophyll development in plants 
grown under conditions of iron insufficiency - a condition 
now included in the all-embracing term "chlorosis". He noted 
that ferrous compounds applied to chlorotic leaves ’’stimulated 
and revitalized the color, as it revitalized the hematin of 
blood” and suggested "that the action of iron is very probably 
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identical in the two organic klngoms". However, the credit 
for the demonstration of iron as an essential element for 
higher plants goes to Sachs (51). 
There is a near consensus that iron is physiologically 
active in the reduced state. The exact mode of action in 
plant metabolism is not completely understood and may assume 
diverse forms such as forming integral parts of enzymes, pro¬ 
teins, and acting as metal activator. However, a knowledge 
of some of these functions is lndispensible to the evaluation 
of any symptoms or developments. In this review an attempt 
will be made to discuss the role of iron in protein combina¬ 
tions under two headings, viz. heme and non -heme iron proteins. 
Heme Iron Proteins; Higher plants as well as other organisms 
contain cytochromes. These are protein to which are bound an 
iron-porphyrin prosthetic group. The iron is the center of 
catalytic activity, a property endowed by its ability to be 
reversibly reduced and oxidized during electron transport. 
Hewitt (68) has presented evidence to show that the prosthe¬ 
tic group of some of the b cytochromes is iron protoporphyrin 
IX. Cytochromes b, b^, b^, b^, b^,. (or f) an(i ^561 ^ave 
been specifically described in plants (21), but may not be 
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Identical to their counterparts in animal and yeast mito¬ 
chondria. Cytochrome C wlth a prosthetic group in which the 
two vinyl groups are saturated and combined to a thloether 
linkage, is common in plants, but cytochrome Cj has not been 
demonstrsted in its pure form in plant mitochondria (21), 
The role of the cytochromes in animal and plant metabolism 
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is chiefly in the terminal respiratory chain involving 
electron transfer from substrates to oxygen. In view of the 
fact tnat most active processes in the plant-(salt uptake is 
no exception ■) require metabolic energy which in turn is 
derived from the terminal oxidations, the importance of the 
cytochromes, cannot be overemphasized. 
Prior to 1939» it was a general assumption that the 
possession of hemoglobin was a monopoly of animal systems, but 
in that year Kubo (100) reported the presence of a red pig¬ 
ment, almost identical to hemoglobin, in nodules of legumes; 
this pigment possessed oxygen-binding properties. Confirm¬ 
ation of these observations came from Keilen and Wang (95). 
This pigment is produced only in effective N-strains of 
Rhizobia (165) and is degraded to a green bile pigment when 
^-fixation stops. Leg-hemoglobin, as the pigment has been 
called,chas been identified in the nodules of the 'woody 
strains of Kimosa. black locust, red bud and others (51). 
There is no conclusive evidence to indicate the exact role 
and action of the pigment. In spite of the uncertain role, 
the importance of leghemoglobin in symbiotic associations is 
undeniable since effectiveness of cultures is a function of 
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the pigment content, Bergersen, et al. (15) have implicated 
the pigment in a cycle in which it is reduced by the bacteroids 
and oxidized as a result of the nitrogen fixation. 
The cytochromes and leghemoglobin are not the only hemo- 
proteins involved in plant metabolism. Both catalase and 
peroxidase contain ferric protoporphyrin IX groups. Per- 
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oxidases which catalyze the oxidation of phenols, ascorbic 
acid, p-aminobenzoic acid and reduced dyes by means of hy¬ 
drogen peroxide (114) have been obtained in crystalline form 
from horse-radish root and are widely distributed in the 
plant kingdom. They have also been implicated in the biologi¬ 
cal electron transport (114), Catalase, now considered a 
dis-mutated peroxidase, functions in the destruction of 
hydrogen peroxide, and hence its detoxification. A role for 
catalase in the evolution of oxygen in photosynthesis has 
been hinted (51) and purified preparations have been obtained 
from spinach leaves. Other porphyrin enzyme systems include 
the lactic dehydrogenase of yeast - a flavoprotein with a 
cytochrome component - and the bacterial enzyme hydrogenase 
which is responsible for the activation and formation of mo¬ 
lecular hydrogen. 
Non-heme iron proteins: 
"Non-heme iron” is an all-inclusive name for a great 
number of iron compounds which may be of a heterogeneous 
nature. Of all proteins included in this general term, 
ferredoxin is about the most important at the moment. 
Ferredoxin is a name proposed by Tagawa and Arnon (150) to 
embrace “all iron-containing proteins of photosynthetic cells 
and aerobic bacteria that have an oxidation-reduction po¬ 
tential close to that of hydrogen gas, and are, at least in 
part, functionally interchangeable in the photoreduction of 
TPN by isolated chloroplasts". Thus ferredoxin (fd) includes 
methemoglobin reducing factor of Davenport, et, al. (42), 
photosynthetic pyridine nucleotide reductase of San Pietro and 
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Lang (133)» the Red Enzyme of Gewitz and Volker (57) and 
Avron and Jagendorf’s TPN-diaphorase (87). 
Ferredoxin is widely distributed in the plant kingdom 
and, as a result of its iron content, is reversibly oxidized 
and reduced. Spinach chloroplast ferredoxin lias a molecular 
weight of 13*000 and contains 2 atoms of iron/molecule. By 
virtue of its very low electronegativity, ferredoxin appears 
suited to serve as an electron carrier at very low potentials. 
A few of the several roles of ferredoxin include: (a) its 
role as one of the oxidation-reduction components in the 
electron transferring scheme of the Hill reaction of chioro- 
plasts and nitrogen fixation, (b) electron transport to cyto¬ 
chrome f and, (c) its role in photosynthesis and in the biolo¬ 
gical production and consumption of hydrogen gas. 
Ferredoxin has also been implicated in the ferredoxin- 
dependent nitrite reduction, pyruvate synthesis and phos- 
phoryclastic cleavage of pyruvate. 
Other non-heme iron enzyme systems include: aconitase 
which catalyzes the reversible dehydration of isocitric acid 
to cis-aconitic acid and then hydration of cis-aconitic acid 
to citric acid; succinic dehydrogenase has been prepared from 
the mitochondria of bean seedlings and catalyzes the reversible 
oxidation of succinate to furaarate; DPNH-Cyt. C reductase 
containing 0.27,^ Fe by weight has been prepared from acetone 
t 
powders of soybean leaves. 
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Effect of iron deficiency on the metabolism of plants. 
Since iron is an integral part of many of the essential 
plant enzymes, an iron stress imposed on plants would result 
in a derangement of physiological activities of such plants. 
The most pronounced manifestation of iron deficiency in higher 
plants is a severe chlorosis or lack of chlorophyll in the 
leaves which in mild cases results in a bleaching of the 
leaves. In intermediate chlorosis there is a characteristic 
interveinal yellowing and the green veins can easily be dis¬ 
tinguished from the ambient yellow areas. Usually, the 
green color is lost from the finest veins? first, and progresses 
to the larger veins until the leaf is completely devoid of 
chlorophyll. This condition in leaves may result in death and 
abscission of the leaves, defoliation of the twigs and eventual 
necrosis of the plant. In general, chlorosis is initiated at 
the youngest leaves. In monocots, the chlorosis assumes a 
pattern of yellow stripes alternated with green veins. In 
the most acute cases, the leaves may curl up; there is a 
general reduction in growth accompanied by arrested develop¬ 
ment of the plant. 
Since chlorophyll formation is dependent on an adequate 
supply of iron (108, 109, 126) there has been a great deal 
of speculation as to the possible role of iron in chlorophyll 
synthesis. Although there is no evidence for the direct role 
of heme enzymes in chlorophyll metabolism, evidence points 
to an identical pathway for the formation of the porphyrin 
units of chlorophyll and heme (18). It has been demonstrated 
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that the accumulation of porphyrin precursors of chlorophyll 
is negligible in chlorotic plants, the block occuring at an 
early point in the chain. It was shorn by Marsh, et al. (109) 
that iron-deficient chlorotic cowpeas incorporated tracers 
from d-Aminolevulenic acid (d-Ala) into chlorophyll at rates 
equal to those of normal tissues; leaf tissue from iron- 
deficient Swiss chard, makes protoporphyrin or protochloro- 
phyllide from exogeneous Ala (21). Marsh, et al. (109) con¬ 
cluded that iron deficiency reduced the rate of synthesis of 
d-Ala and that the decreased synthesis may be sufficient to 
retard chlorophyll synthesis. This conclusion has been borne 
out by those of Lascelles (102) in R. sphereides. Brown (24) 
and Vogel (166) in birds in which they observed that the rate 
of incorporation of C1^1' from Kreb Cycle intermediates in Ala 
and heme were reduced by absence of iron. 
Lascelles (102) found that iron deficiency in R. sphe- 
roides resulted in the formation of predominantly copropor¬ 
phyrinogen III and little or no heme or bacteriophyll; 
addition of iron to the cultures inhibited the accumulation 
of COPRO while enhancing the formation of heme and bacterio¬ 
phyll. This observation led her to suggest that iron might 
participate in the oxidative decarboxylation of propionic acid 
side chains of COPRO III to the vinyl side chains of proto¬ 
porphyrin. This suggestion is supported by the work of Hsu 
and Miller (83). However, Carell and Price (4l) observed that 
while iron may be required for the conversion of COPRO to 
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PROTO in Euglena. the requirement has nothing to do with 
chlorophyll synthesis. Marsh, et al. (108) reported signi¬ 
ficantly more protoporphyrin in iron chlorotic than in normal 
cowpea leaves previously incubated in the dark with d-Ala, 
These results would suggest that iron functions in a step 
in the conversion of protoporphyrin to chlorophyll (103, 108). 
Thus present evidence points to the participation of iron in 
the synthesis of chlorophyll at two points: - the condensation 
of succinyl CoA and glycine to form d-Ala (109) and the con¬ 
version of coproporphyrinogen to protoporphyrinogen (102, 83). 
A major difficulty in correlating iron concentrations 
in the tissues with the activities of enzymes is one of defi¬ 
nition, Such terms as "sap iron" defined by Sideris and 
Young as that portion of iron extractable with acetone (140), 
"active" and "inactive" iron of Oerserkowski - iron extractable 
in IN HC1 (119) and "filtrable" or "soluble" iron of Ingalls 
and Shive (87) tend to confuse issues. Depending on which 
of the definitions and extraction methods employed in the 
determinations, the content of chlorophyll and other iron 
requiring systems may or may not bear any relationship to the 
tissue iron. 
While Agarwala, et al. (1, 2) observed a poor corre¬ 
lation between tissue iron and the iron content of the external 
medium, both Su et al, (148) and Weinstein, et. al. (1?6) noted 
that chlorotic leaves contained less iron than green ones. In 
some species, chlorotic leaves may contain more iron than green 
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leaves (86); chlorotic pea leaves may contain as much as, 
or more iron than green ones (119). 
Chlorophyll has been observed to show a linear 
dependence on the active iron content of leaves (1, 3, 3i 
4l). De Kock, ejt al. (44) noted that chlorophyll was prac¬ 
tically absent in iron deficiency. Jacobson (88) observed 
a proportionality between chlorophyll and total iron, and 
proposed that before chlorophyll formation can occur the 
leaf must contain a certain minimum level of leaf iron de¬ 
termined by the plant species and growth conditions. Sideris 
and Young (140) and Shetty and Miller (136) reported a 
higher concentration of chlorophyll and carotenoids in the 
leaves of the plus-iron than the- minus-iron cultures. These 
reduction in the quantity of chlorophyll (29, 88, 89, 93, 126) 
may be a result of an impairment of the chloroplasts which 
are both quantitatively and qualitatively altered. Neman 
(115) noted that plastids treated with iron-deficient nutrient 
seemed to have a relatively less glyceryl-phosphoryl-glycerol- 
lipids than did the complete plastids. Bogorad, et al. (19) 
observed a difference in the lamellar systems of plastids of 
iron deficient and iron-sufficient leaves and a 20-30 fold 
difference in chlorophyll. Jacobson, et al. (89) obtained a 
decrease in size, and observed that where chlorotic leaves did 
not respond to iron treatment, it was due to an irreversible 
damage to the chlorophyll producing mechanism rather than the 
amount of iron in the leaf. Hewitt (69) studying cauliflower, 
has reported that breakdown of chloroplasts associated with 
chlorosis of young leaves occurred by spreading of the 
structure into the cytoplasm with early lysis of the starch 
grains. Also vacuolation of the chloroplasts was observed,. 
Low levels of cytochrome oxidase activity resulted 
when albino and green plants were grown in low levels of 
iron (176). De Kock, ejt al. (45) noted that little hematin 
remains at low chlorophyll levels when chlorosis is due to 
iron deficiency, in contrast to results obtained with chlo¬ 
rotic tissues from variegated leaves and with leaves in 
which chlorosis is due to nickel toxicity. A decreased level 
has been observed for aconitase (8), catalase (1, 2, 3» 6» 
29» 45)f acid phosphatase, ribonuclease and aldolase (2). 
Peroxidase does not seem to vary in any definite pattern (29) 
and may be present in considerable quantities even at low 
iron levels (45). Thus De Kock (45) noted that peroxidase 
appears to be an essential component of living systems and 
is synthesized preferentially when iron supply is limited. 
The situation with respect to organic acids in the 
leaves is not quite clear cut, hence the conflicting reports. 
Brown and Tiffin (34) have reported increases in citrate 
with increasing iron supply; De Kock et aJL, (47) observed that 
chlorotic leaves contain more citric acid relative to malic 
or oxalic acid, the citric: (malic + oxalic) ratio varying 
as the P:Fe and K:Ca ratios. Khader, et al. (96) noted that 
citric and malic acid increase with iron supply; since iron 
is required for activity of aconitase, citrate accumulates in 
iron deficiency. In general, total organic acid content of 
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chlorotic leaves always exceeds1- that of healthy ones. 
As with other physiological functions, the carbohydrate 
metabolism of the plant is greatly disrupted. While Sideris 
and Young (139) found sugars in greater amounts in the leaves 
of the green tissue and a consistently higher concentration 
of starch, IIjin (85) showed the carbohydrate content of 
diseased foliage to exceed that of healthy foliage. He has 
related the phenomenon to an impairment in the translocation 
of carbohydrates, which in normal plants are translocated 
from leaves to storage areas but remain in the foliage in 
chlorotic plants. With iron deficiency and chlorosis, there 
is a major interference with the. nitrogen metabolism of the 
plant. Iron deficiency does not cause merely one or a few 
free amino a,cids to increase but rather an overall increase 
is noted (46) irrespective of whether the deficiency is caused 
by the absence of iron or by its unavailability or by heavy 
metal toxicity. IIjin (84) observed a greater total nitrogen 
content, more amino nitrogen, amid nitrogen and soluble proteins 
and bases in chlorotic leaves than green leaves. This he 
attributed to an imbalance between synthesis and assimilation 
of protein. 
In recent years, another aspect of the effect of iron 
deficiency on plant metabolism has beBn investigated. This 
is the relation of iron deficiency to riboflavin. Frolich and 
Wallace (55) reported an excretion of a yellow pigment by 
iron-deficient tobacco roots. This pigment was subsequently 
identified to be a flavin. This 'was a verification of ob- 
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servations by Wilkie and Miller (179). In sugar beets, the 
same phenomenon has been reported (135). It was observed that 
deficiency of iron interferes'with the utilization of ribo¬ 
flavin as a prosthetic group of flavo-protein enzymes which 
results in the accumulation of riboflavin in the plants, and 
their consequent excretion by the roots. 
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KETEODS and materials 
Plant Material: 
In the summer of 1966 an investigation was undertaken 
to test the response of 31 inbred lines of sweet and field 
corn to different Fe levels in the nutrient solution. These 
lines' were provided by Professors W. H. Lachman and H. Yegian, 
both of the Plant and Soil Science Department, University of 
Massachusetts. At harvest, the plants were grouped into three 
categories according to their susceptibility to chlorosis: 
1. Chlorosis-susceptible and non-responsive 
2. Chlorosis-susceptible and responsive 
3. Chlorosis non-susceptible or resistant. 
These categories are represented by Wf 9 Ind., Oh Eos and Ma 
21547-1-1 respectively, and have been used in most of this 
research (See plates 2a, 2b, and 2c). 
Wf 9 Ind. had as its source, Wilson Farm 9, strain of 
Reid open-pollinated variety. It was developed by the 
Indiana-USDA Project (lE?) and released in 1936. It is 
notoriously susceptible to leaf blights, corn borers, aphids 
and ear mold, but contributed good root anchorage, medium 
stalk quality, lush-appearing vegetation and is an overwhelming 
favorite as a seed parent component. Pollen shedding of the 
line is often inadequate. 
Oh EOS originated from an 8-line composite of Lancaster 
Surecrop lines. It was developed by the Ohio-USDA Project and 
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released In 1943 (147). It contributes resistance to draught 
and aphids and fair tolerance to corn borers, better than 
average resistance to leaf blight, but only fair resistance 
to lodging and smut. Its present importance lies in its 
value as a breeding stock rather than its direct use. 
Ma 21547-1-1 resulted from a single plant selection 
from Me 2 made in 1948 by Professor W. H. Lachman (101). It 
is clean growing and about 55 inches tall. Though shy of 
pollen production it has excellent combining ability and 
makes a good seed parent. Seed for the line was released in 
195^; it is quite resistant to bacterial wilt and Helminthos- 
porium leaf blight. 
Greenhouse Culture Techniques: 
Two methods of sand culture and one of solution culture 
were used in the greenhouse experiments. 
Sand Culture 1: Corn was seeded directly in 5 gallon glazed 
clay crocks lined with polyethylene bags to prevent contami¬ 
nation. The crocks contained a 1:1 mixture of fine and coarse 
pure quartz sand. The nutrient solutions were supplied by 
sub-irrigation from 18 liter glass jars, raised by a pneumatic 
system and returned into the jars by gravity; a separate re¬ 
servoir was used for each crock. Sub-irrigation was done once 
or twice daily, depending on the prevailing light and tempe¬ 
rature conditions, and replacement with ftfesh nutrient solu¬ 
tions was at 14 day intervals. Macro- and micro-nutrients were 
supplied in all treatments as modified Hoagland*s No. 1 solu- 
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Plate la: Oh 40B and Wf 9 Ind, plants 
growing on 3 ppm FeSOg in sand culture 
(method 2) 
Plate lb: Oh 4OB and Ff Ind, plants 








Plate 2a: Sections of leaves of Oh 403 
rown at 1, 5 and 1C ppm Fe as FeEDTA in 
and culture (method 2) 
Plats 2b: Sections of leaves of Wf 9 Ind. 
Srovm at 1, 5 and 10 apm Fe as FeFDTA in 
sand culture (method 2) 
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Plate 2 C Sections of leaves of Ma 215^7 
grown at 1, 5 and 10 ppm Fe as Fe SDTA 
in sand culture (method 2) 
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tion (72). The seedlings were treated with half-normal 
Hoagland*s solution for one week after emergence, and this 
treatment continued for a period of two weeks after which 
the normal treatments were initiated. 
Sand Culture 2: Seeds were sown directly into 6-inch 
plastic pots containing a 1:1 mixture of coarse and fine 
quartz sand. Plants were watered twice daily with appropriate 
nutrient solutions - 200 ml of half-normal modified Hoaglands 
solution starting one week after emergence, and 200 ml of 
the normal solution one week later. This latter treatment 
was continued until harvest. 
Solution Culture: Seeds were first germinated in flats con¬ 
taining vermiculite and moistened as required. After germi¬ 
nation, the seedlings were allowed to attain the two-leaf 
stage (usually in about 7 days) before they were transplanted 
into one liter polyethylene vessels, the outside of which had 
been coated with aluminum paint to ward off sunlight and thus 
discourage algal growth. Aeration was achieved by means of 
a system consisting of a series of capillary tubes, plastic 
tubings and plastic or glass "Tees” connected to a Universal 
Electric "Neptune dynapump" compressor. 
As in all the other experiments, the nutrient solution 
consisted of a modification of Hoaglands No. 1 solution; the 
initial treatment was half-normal and normal treatment was 
commenced a week after transplanting. Replacement of the 
nutrient solution was performed at weekly intervals because 
hi 
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of the email volume of the vessels and possible fluctuations 
in the relative concentration of the solutions. 
Growth Chamber Experiments: 
Techniques used in these experiments were the same as 
those used in the greenhouse solution culture experiments 
except that precise temperature control was possible. Percival 
(Kodel CE 2) growth chambers were used. Day and night tempe¬ 
rature was maintained approximately constant throughout the 
experiment; the plants were subjected to a cycle of 14 hours 
of light and 10 hours of darkness. Because of the limitations 
on the available space, the plants were generally harvested 
after an absorption period of 7 days on half-normal solution 
followed by a 7-day period on the normal Hoagland1s solution. 
Temperatures of 50, 60, and ?0oP Merc uoefJ- depending on the 
experiment and a moderate light intensity, about 800 foot 
candles prevailed. 
Harvesting, samipl e preparation and analytical procedures* 
When the plants attained the desired age or stage of 
maturity they were rated for chlorosis on a four-point scale 
(0- 3) corresponding to the degree of chlorosis. A rating 
of 0 corresponded to normal plants (ie. no chlorosis) while 
3 Indicated severe chlorosis (Gee plate 3). The plants 
were then harvested, weighed, washed in deionized water and 
divided into various plant parts. Roots were washed first 
in deionized water and then for l£ hours in a 10 solution 
of KaEDTA to remove any adsorbed ions, and again rinsed In 
deionized water (139). 
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Plats 3: 





The rating for 
four-point scale 







The plant material to be analyzed was sectioned to 
facilitate drying prior to being placed in a forced draft 
oven at 70°C in paper bags. The dry weight of the plant was 
determined and it was ground in a Wiley mill to pass a 20 
mesh screen. 
One gram of the ground material was placed in a 30 ml 
porcelein crucible and ashed at 500° - 50°C in a muffle furnace. 
The ashing was done in accordance with the procedure recommended 
by Grewling (62). The ashed samples were taken up in 5 ml of 
a 1:1 HC1 solution and quantitatively washed with distilled 
water into 25 ml volumetric flasks, and the flasks made up to 
volume with distilled water. 
The samples or appropriate dilutions of them were used 
in the determination of Fe, Mn, Mg, Ca and K (62). This was 
done using the Model 290 Parkin-Elraer Atomic Absorption 
Spectrophotometer. Phosphorus was determined as the molybdo- 
vanado-phosphoric acid (62) on a Bausch and Lomb ’’Spectronic 
20” spectrophotometer. 
Statistical analysis of variance and Duncan’s multiple 
range tests were performed by methods described by Steel and 
Torrie (146), A complete partitioning of treatment factors 
and interactions has been calculated in all cases, but only 
the Duncan’s tests are reported herein. 
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* Expressed as ppm of essential element. 
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RESULTS 
Varietal differences in Pe accumulation: 
Ex-perl pent 1: A preliminary investigation of 31 inbred 
lines of corn led to the grouping of the inbred lines into 
3 Ccite^ories as already discussed. The three representative 
inbreds Oh 40~, Wf 9 Ind. and Ma 21547 were grown in sand 
culture (method 1) at four levels of Fe, 3, 6, 9 and 12 ppm 
Fe; the treatments were replicated thrice and each crock contained 
2 plants. Harvesting of the inbreds was done at tasseling and 
the material was then prepared for analysis. The results of 
the experiment are presented in Tables 1, la and lb and Fig. 1. 
In general, there was a slight increase in the tissue 
Fe and fresh weight of the tops with Increasing Fe levels of 
the nutrient medium; the exception was Ma 2154? where the Fe 
was apparently toxic at 12 ppm Fe level since a reduction in 
fresh weight and Fe content occurred at this level (Tables 1, 
lb). In any case, considering the size of the differences in 
^e levels of the nutrient medium, the magnitude of the dif¬ 
ferences in Fe content and fresh weight was not large. Thus 
there was an increase of from ?3 to 80 ppm Fe for Oh 403, 87- 
105 ppm Fe for Wf 9 Ind. and 87- 104 ppm Fe for Ma 21547 for 
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^*^bl® ba. The distribution of Fg in the tops of corn inbred 




(0 - 3) 









Ma 2154? 0.0 123.2 b 148.5 a 59.0 de 63.9 d 
Oh 4 OB 1.5 102.5 c 129.0 b 42.7 f 51.8 def 
Wf 9 Ind. 0.0 129.8 b 155.6 a 48.1 ef 41.5 f 
Means in c-ne same coluron not followed by the S3.me letters 
are statistically different at the O.o5 level of Probability. 
Table lb. The influence of Fe level on the Fe content- and 
chlorosis rating- of 3 inbred lines of corn. 













3 1 87.9 o 2 78.8 c 1 87.1 c 
6 0 91.3 be 2 82.5 c 0 90.8 be 
9 0 112.8 a 1 83.8 c 0 91.7 be 
12 0 104.6 ab 1 80.9 c 0 105.4 ab 
Means in the same column not followed by the same letters 












































Also with an increase in the level of Fe nutrition, 
there was a concommitant decrease in the chlorosis rating. 
Both Wf 9 Ind. and Ma 21547 showed slight chlorosis only at 
3 ppm Fe while Oh 4OB showed medium chlorosis at 3 and 6 ppm 
Fe, but this was reduced to a mild chlorosis at 12 ppm Fe, 
(Fig. 1 and-lb). Differences in the composition of the inbreds 
are also evident. Wf 9 Ind. and Ma 2154? accumulated almost 
the same amount of iron while Oh 40B accumulated less (Fig. lb). 
However, the differences in the tissue content of Fe were not 
such as to warrant the observed differences^ in chlorosis. 
The results shown in Tables 1, la and Fig. 1 indicate 
that the distribution of Fe within the plant was not uniform. 
The leaves generally had a higher concentration of Fe than 
the stems and the lower portions of these organs were richer 
in this element than the upper portions. The lower leaves 
with an average Fe content of 144 ppm had a higher tissue Fe 
content than the upper leaves which on the average contained 
118 ppm Fe, Similarly the lower portions of the stem contained 
52 ppm Fe as opposed to 50 Ppm in the upper parts. 
Experiment 2: Since root tissues were not available for 
analysis from experiment 1, the experiment was partially 
repeated in solution culture. Wf 9 Ind. and Oh 40B were 
allowed to absorb Fe for 18 days from solutions containing 
3, 6, 9 and 12 ppm Fe. Each treatment was replicated four 
times. At harvest, the plants were sectioned into roots, stems 
and leaves and prepared for analysis. Results are presented 
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The results not only confirm that the leaves contain 
more iron than the steins, but they also demonstrate that 
roots contain much more iron than either the stems or leaves. 
The chlorosis rating dropped from 1.4 to 0 for Wf 9 Ind. and 
from 2.5 to less than 1 for Oh 40B at 3 and 12 ppm Fe, res¬ 
pectively. The varietal differences in Fe content were not 
statistically significant at the 5% level, but Oh 40B plants 
tended to accumulate more iron in the roots than Wf 9 Ind., 
particularly at the two lower Fe levels. 
Experiment 3: An attempt was made to determine dif¬ 
ferential accumulation of elements by an iron-efficient line 
(V/f 9 Ind.), an iron inefficient line (Oh 403) and their 
hyorid (Oh 40^ x Wf 9 Ind.), Six seeds of the three pheno¬ 
types were sown in sand culture (method 2) on Feb. 12, 1968 
and after germination they were thinned to 2 seedlings per 
pot. Iron treatment consisted of four levels of Fe — 3, 6, 
9 and 12 ppm as FeSDTA. Each treatment was repeated once; the 
plants were harvested on April 12 and the results of the 
analysis are presented in Tables 3 and 3a. 
The Fe contents of the tops ranged from 93 - 125 ppm 
for Oh 403, 128- 160 ppm for the hybrid and 135- 172 ppm for 
Wf 9 Ind.; these differences were significant. The differences 
in Kn content were not significant, but P content differed 
significantly among the phenotypes. Oh 40B had the highest 
P and lowest Fe concentrations while the hybrid had the highest 
Fe and lowest Kn. Wf 9 Ind. had a slightly lower P content 
than the hybrid (Table 3a). 
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Table 3. Accumulation of minerals and the expression of chlo¬ 
rosis and iron toxicity symptoms by Inbreds Oh 4 OB. 
Wf 9 Ind. and their hybrid as influenced by the 



















3 2 0 3.3 d 125 abc 57 a 0.57 a 
Oh 403 6 2 0 5.0 d 105 be 49 abc 0.54 ab 
9 1 0 5.1 d 93 c 45 cd 0.53 abc 
12 1 ■ 0 4.9 d 102 be 51 abed 0.60 a 
3 1 0 10.2 b 130 abc 48 abed 0.46 bed 
6 0 0 13.6 a 128 abc 44 cd 0.42 d 
(Oh 4 OB 
X Wf 1 9) 9 0 0 13.6 a 135 abc 46 bed 0.45 cd 
12 0 0 11.1 b 160 ab 55 abc 0.53 abc 
3 1 0 7.5 c 135 abc 51 abed 0,46 bed 
6 0 2 8.7 c 138 abc 51 abed 0.45 cd 
Wf 9 - 
0.48 Ind. 9 0 2 9.4 be 172 a 55 abc bed 
12 0 2 9.1 be 172 a 56 ab 0.44 cd 
Means in the same column not followed by the same letters are 
statistically different at the 5% level of Probability. 
Table 3a. Differential accumulation of Fe. Mn and P and plant 
weight of Wf 9 Ind. , Oh 5~Q3 and their hybrid 














Oh 4 0B 1.5 0 4.7 c 106 c 51 ab 0.58 a 
Oh 40B x Wf 9 0.0 0 12.1 a 138 ab 48 b 0.46 b 
Wf 9 Ind. 0.0 2 8.7 b . 154 a 53 a 0.^5 b 
Means in the same column not followed by the same letters are 
statistically different at the 5% level of Probability, 
53 
The hybrid was always the most vigorous of the three 
and showed closer ressemblance to Wf 9 Ind. than to Oh 40B, 
especially in mineral content and freedom from chlorosis. 
On the other hand, whereas Wf 9 Ind. showed signs of toxicity 
(reddish brown dots on the lower leaves) at 6 ppm Fe, Oh 4 OB 
and the hybrid never succombed to this disorder. Thus it 
would appear that the hybrid was more resistant to both de¬ 
ficiency and toxicity of Fe. 
Experiment 4: Th’e effect of temperature on Fe absorption; 
The effect of temperature on the accumulation of Fe by Wf 9 
Ind. and Oh 40B was investigated in the growth chamber. Tem¬ 
perature used were 50, 60 and 70°F and Fe treatment was 6 and 
9 ppm Fe as FeSDTA. The results of the experiment are presented 
in Table 4 and Fig. 2. 
When the Iton content is expressed as ug Fe per plant 
the data show that at all levels and temperatures Oh 40B accu¬ 
mulated less Fe/plant than Wf 9 Ind. Both the dry weights 
and Fe contents of the plants increased with increasing tempe¬ 
ratures. The chlorosis pattern was not directly related to 
the Fe content. At 6 ppm Fe there was chlorosis on Wf 9 Ind. 
at only 60°F while at 9 ppm Fe all Wf 9 Ind. plants were green; 
Oh 403 developed chlorosis at the two upper temperatures at 
both levels of Fe. The reason for the apparent discrepancy 
in chlorosis may reside in the differences in growth rates. 
Oh 40B grown at 50°F was stunted, hence the concentration of 





































































'd tc •rH 
0 43 0 0 •H Cm Ph ,P X O 0 s: 
pr-< Eh P P P 0 0 d p to rO np to 
0 d 1 
bO PnrH ca 00 d- CM d^ d^ CO o- CO NO CA r~l Ph 
P. P< CM P \n> rH CO d- CA 30- CO -0- VA 00 •rH 




0 Cm O op 0 0 0 O E-h d 
to P P 0 P O rO d 'd d £> 0 0 
43 •H 
0 rH cc NO NO CM NO CA CM ON CM 1—1 VA 43 
0 CM p- NO P- 33- CM 3* CO VA On CA O CO 
« P P 3t rH CA ca CM 3* VA CM VA 3t CM •rH K 43 
0 d d 
Ph ♦rH 43 
to 
to 
P to P *H ,P •rH 
0 P Cm to •H •rH •>-> <M to s: •rH 
to 0 Ph to 0 Cm to to P 
p d 
0 C\ ca CO ON rH d- -d- 00 00 CM CA VA 
Eh P I—1 VT\ d- d- CM CO rH NO On CO to 
rH rH rH rH P 
0 
0 *r-j .P *«“3 *H~5 43 
43 p P •H •H •<~5 to fco f-1 •rH **“3 43 
P to to & •H <M Cm •f~3 •H 0 
d p Cm to to .P 0 0 •H to to .P rH 
r i 0 
0 PH 43 CM ca CO ON d- NO d- VT\ M-l CM rH NO 
O va va 1—1 CA ca CM VA VA CM 30- CM B 
d P( O • 
o P 0 O 0 O O O O 0 O 0 0 O in 
43 0 
x: fc£ 0 Cm •rH 
np 
Ph 4P 
to—- op •H 'd O X 4P, 0 43 
•H to O c •d to to 0 0 'd 




Eh p- CO d- CA On CA VA On O NO CM « 
>5 CA On 3* CO d- va VA O vta O CO NO 'd >s 
P • • • • • • • • • • • • 0 43 






bO 0 d 
p P Ph S- 
o tH 
r 4 to 43 O rH O ca CM 0 0 O 0 CO CM rH 
O 
A P 
,P -H d O P-H 




0 P M rH 
p< d'— 
£4 43 Cl, O 0 O 0 O 0 0 O 0 O O 0 
rH 0 
O > 
CD do d- NO VA d- NO VA d- NO V-^ d- NO VA O 0 
EH p — rH 
0 
p Vt 
f—1 / N d V-A 
p 0 B B to 
O > Ph 
P 0 Ph 













• On 43 









































IRON CONTENT, MQ / PLANT 

















































































Experiment 5- Magnesium nutrition and Its effect on 
iron accumulation: Corn seedlings were transplanted into 
nutrient culture on March 25» 1968 to study the influence of 
the Mg level of the nutrient solution on the accumulation of 
Fe by Oh 4 OB and Wf 9 Ind. The Fe level was 9 Ppm and Mg 
levels were 5i 10» 20 and 40 meq./l. Treatment was commenced 
on April 2 and continued until April 13 when the plants were 
harvested. 
As shown in Table 5» and increased Mg level was accom¬ 
panied by a reduced Fe accumulation and an increased Mg accu¬ 
mulation within the plants. There was no significant difference 
in the accumulation of Mg between the inbreds-, and within in- 
breds the plant weight was not directly related to the Mg 
level. Oh 40B was chlorotic at all Mg levels while T.^f 9 Ind. 
showed toxicity symptoms at all levels. 
57 
Table 5. Mg level of the nutrient solution as It influence? Fe 


















5.0 2 0 3.5 b 80 be 0.30 c 
Oh 4 OB 
10.0 2 0 4.0 b 85 b 0.36 be 
20.0 2 0 3.4 b 73 be 0.46 ab 
40.0 2 0 3.3 b 66 c 0.50 ab 
5.0 0 1.5 6.8 a 105 a 0.35 be 
10.0 0 1.5 6,0 a 79 be 0.43 abc 
Wf 9 Ind. 
20.0 0 2.0 5.9 a 78 be 0,50 ab 
40.0 0 1.0 6.0 a 76 be 0.51 a 
Means in the same column not followed by the same letters are 
statistically different at the 5% level of Probability. 
Experiment,6: Fe and Mn Interactions: - Since manga¬ 
nese and iron share similar chemical properties, it is con¬ 
ceivable that these two cations should exert some influence 
on each other. Besides, many experiments have been reported 
in the literature showing interactions of Fe and Mn (56, 58, 
90, 91, 104.). It was this line of reasoning that prompted 
the present experiment designed to test the influences of 
levels of Fe and Mn and their interactions on the absorption 
of the cations, plant growth and chlorosis of Wf 9 Ind. and 
Oh 403. Three levels of Fe - 3, 12 and 24 ppm - and 3 levels 
of Mn-0.1, 1,0 and 10.0 ppm — were investigated in sand 
culture (method 2). There were 2 replicates of each treatment 
and 2 plants per pot. Treatment was started on October 28, 
196? and continued until November 28, 1967 at which time the 
plants were rated for_chlorosis and toxicity before harvest. 
Because of the wide range of chlorosis symptoms, the usual 
rating scale was expanded to 0 - 7 to accomodate all variations 
a rating of 0 signifies no chlorosis while 7 stands for 
severely chlorotic plants. Results of the analysis are pre¬ 
sented in Tables 6, 6a and 6b and Figs, 3 and 4, 
At 3 ppm Fe, Oh 403 was severely chlorotic at all levels 
of Mn but this subsequently declined to mild chlorosis at 12 
and 24 ppm Fe, Recovery from chlorosis was never complete 
for this inbred, Wf 9 Ind,, on the other hand, was always 
green, Fe levels of 12 ppm and greater were toxic to Wf 9 Ind. 
59 
Increasing the Fe level in the nutrient solution from 
2-24 ppm increased the Fe content of the tissues from 114- 
182 ppm for Wf 9 Ind., and from 80 - 100 ppm for Oh 40B. The 
increased absorption of Fe was accompanied by a decreased Mn 
absorption from 352 ppm to 104 ppm in Oh 40B. There was a 
slight increase in Mn absorbed by Wf 9 Ind. but this increase 
was not statistically significant. The effect of increasing 
Mn levels on the absorption of Fe by both Wf 9 Ind. and Oh 40B 
was not significant (Table 6b), but an increase in Mn level 
was accompanied by a significantly increased accumulation of 
Mn by both inbreds. At 3 and 12 ppm Fe and at all levels of 
Mn, Oh 40B had a higher Mn content than Wf 9 Ind. 
A calculation of the molar FesMn ratio for all levels 
of Fe and Mn showed a significant difference between the 
inbreds. The FesMn ratios were directly related to the Fe 
level of the nutrient solution but inversely related to the 
Mn level. The result has been expressed graphically (Figs. 
3, 4 and 5). The Mn level is expressed as a log because of 
the wide range in levels. 
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Fig . 3 The effect of Fe level on the nutrient content 
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4 The effect of Fe level on the Fe/Mn ratio and 
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Experiment 7: Iron and Phosphorus Interactions. - The 
experiment was undertaken to test the effects of P, Fe and 
their interactions on the accumulation of P, and Fe, The 
design of the experiment was similar to that of Experiment 6, 
both experiments being run concurrently. Three levels of 
P — 0.5, 1.0, and 2.0 meq./l. and three Fe levels — 3, 12 and 
24 ppm were used; results of the experiment are presented in 
Tables 7, 7a# 7b and. Figs. 6, 7 and 8. 
The two inbreds responded differently to Fe and P treat¬ 
ments. In all cases, Wf 9 Ind. accumulated much more Fe and 
less P than Oh 403. The P content of the nutrient solution 
did not have significant effect on the tissue Fe, but both 
The P and Fe levels exerted an influence on the P content, 
which was positively related to the P level and negatively 
related to the Fe level. Differences due to Fe and P levels 
were significant at 0.05 probability level. 
The influence of P was more pronounced in Oh 40B than 
in Wf 9 Ind. (Table 7t>). The tissue P content increased 
from 0.49/^ to 0.64/£ in the former and from 0.35% to 0,41$ in 
the latter for levels of P from 0,5 to 2.0 meq./l. of nutrient 
solution. In general, Wf 9 Ind. had higher Fe, lower P and 
higher Fe/P ratio than Oh 40B, 
As in Experiment 6, iron toxicity did not develop in Oh 
40B, while it was apparent on Wf 9 Ind, at both 12 and 24 ppm 
Fe. On the other hand, Oh 40B was, at best, very chlorotic 
at all levels of Fe while Wf 9 Ind, showed mild chlorosis at 
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Fig. 6 The effect of Fe level on the nutrient content 


















































Fig. 7 The effect of Fe level on the Fe/P ratio and 
growth of Wf 9 Ind. and Oh 4-OB. 
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Fig. 8 The effect of P levels on the Fe/P ratio 






Oh403 12ppm Oh40B 3 ppm 
0 —4--- 
1-0 





Exrerindent 8; Iron Toxicity,, ~ During the experiments 
with P and Mn it was observed that reddish brown dots developed 
on the lower leaves of Wf 9 Ind, plants grown at the high 
iron levels. This phenomenon was tentatively designated iron 
toxicity in lieu of further identification. The present ex¬ 
periment was devised to confirm this diagnosis. 
Oh 40B and Wf 9 Ind. were grown in solution culture at 
3, 9 and 24 ppm Fe; the Fe was supplied in two different forms, 
FeEDTA and FeSO^ with each treatment replicated twice. The 
working hypothesis was that if the toxicity was due to the 
EDTA molecule, the symptoms would appear on both Wf 9 Ind. and 
Oh 403 and only on those plants grown on FeEDTA; should the 
toxicity be due to iron on the other hand, it was expected 
that the symptoms would appear on Wf 9 Ind. plants grown on 
both forms of Fe but to verying degrees (since the supplying 
power of the organic and inorganic source may differ). 
Full treatments were started on February 12, 1968 and 
continued until harvest on March 16, 1968. An inspection of 
the plants on March 3 revealed the presence of tiny reddish- 
brown dots scattered over the upper surface of the lower leaves 
of Wf 9 Ind. grown at 12 and 24 ppm Fe as FeEDTA. These dots 
became progressively larger and more numerous; finally they 
also appeared on the upper leaves. Some of them subsequently 
coalesced to form larger blotches and later brown patches 
(See plate 4a). Results of the experiment are presented in 
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Plate 4 b T/Jf 9 Ind. 
Fe as FeEDTA 
and Oh at 24 ppm 
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Oh 4OB was chlorotic at all levels of Fe and consequently 
never developed toxicity symptoms. Toxicity was relatively 
less severe on Wf 9 Ind. plants grown on 9 and 24 ppm Fe as 
FeSOn but was severe on those grown on 9 and 24 ppm Fe as 
FeEDTA, In fact, the toxicity on FeSO^-grown plants only 
occurred on the lower leaves and that was only later. It is 
pertinent at this point to note that even at levels where 
Wf 9 Ind. showed signs or iron toxicity, Oh 403 was still chlo¬ 
rotic (Plate 4b). 
Statistical analysis of the mineral content of the tops 
of the plants did not reveal any differences in the content 
between the inbreds and between the sources. The differences 
in P and Mn content were significant for inbreds and Fe sources, 
Wf 9 Ind. and FeEDTA - grown plants generally accumulated lower 
amounts of P and Mn and slightly greater amounts of Fe in the 
tissue than Oh 403 and FeSO^ - grown plants. The relatively 
higher Fe and lower Mn and. P of the former resulted in com¬ 
paratively lower Fe/P and Fe/Mn ratios in Oh 40B plants. 
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Experiment. 9^ The effect of K level of the nutrient 
solution on the distribution of Fe and the Fe, Mn and P status 
of the plant. This experiment was designed with two objectives 
in mind; the primary aim was to investigate the redistribution 
of Fe within the plant as a result of varying K levels, and a 
secondary objective was to determine the occurrence of any 
changes in the composition of the leaves as a result of aging. 
Three inbreds, Oh 4OB, Wf 9 Ind. and Ma 21547 were planted in 
sand culture (method 2) and treatment consisted of 3 levels 
of I( - 3.5 , 11 and 21 rneq./l. Fe level was the same at 6 ppm 
and 3 replicates of each treatment were run with each pot con¬ 
taining 2 plants. 
Seeds were sown in pots on February 12, 1968; variable 
treatment was not started until March 12 and was continued 
until the plants had developed nodes sufficiently large to be 
easily discernible. They were then harvested on May 5 and 
sectioned into leaves, nodes and internodes; analysis was 
carried out as described. Data from the experiment are presented 
in Tables o and 10* 
The inbred lines differed in their accumulation of Fe. 
This difference was statistically significant at the 5% level 
of probability, with Oh 40B and Ma 21547 accumulating the 
least and the most Fe, respectively. There was a differential 
accumulation of Fe in the three parts; the leaves had more - e 
than the nodes which in turn had a higher Fe concentration than 
the internodes. But this distribution of Fe was affected by 
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medium. Generally, the K content of the tissues increased 
with the K level of the nutrient solution, and only slight 
differences were found among the inbreds and among the plant 
parts. 
At the early stages of growth, Oh 40B had chlorotic 
leaves at all levels of K; however, as the plant became more 
mature, these leaves progressively recovered their green color 
until, at harvest, they were as non-chlorotic and normal as 
the Wf 9 Ind. and Ka 215^7 plants. Consequently, there was 
no rating for chlorosis. Analysis of the leaves, presented 
in Table 10 revealed some new relationships. 
Here, again, the differences among inbreds in Fe 
content 'were very significant. K content did not differ 
significantly among the inbreds. Oh ^03, Wf 9 Ind. and 
Ka 215“? contained 2.5, 2.8 and 2.9 per cent K respectively. 
Differences in P and Kn among the inbreds were significant, 
but this time Oh AOB had a lower P and Mn content than Wf 9 
Ind. and Ka 215^7; the average tissue contents of the elements 
were 0.53, 0.?6 and 0.86 per cent P and 22, 4l and 5?’ ppm Kn, 
respectively. 
DISCUSSIONS 
Various responses have been obtained for tissue Fe in 
relation to the concentration of this element in the nutrient 
medium. In this investigation, though the concentration of 
Fe within the tissues generally increased as a result of 
increasing the Fe level of the substrate, the relationship 
is by no means linear and in some cases negative responses 
were obtained. This is in agreement with the results of other 
investigators (1, 2, 22 and 108) and may be due, in part, to 
the selectivity of salt uptake by roots. 
The distribution pattern of Fe within the lower and 
upper parts of leaves and stems' is to be expected. Since the 
leaf is the site of many of the enzymatic and synthetic acti¬ 
vities of the plant, and, since Fe has been shown to be 
essential for a number of these enzymes, it would be quite 
reasonable to expect this element to accumulate most in the 
leaves. This is what was found. Moreover, the relative im¬ 
mobility of Fe within the plant and the fact that it is depo¬ 
sited first in the lower and older tissues, account for the 
observed higher concentration of Fe in the older and lower 
portions of the plant (59» 60, 77). 
Quite not so easily explained is the lack of direct 
relationship between tissue Fe concentration and the chlo¬ 
rosis rating, which in this investigation is assumed to be 
an index of chlorophyll content. Some of the data show 
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chlorotic leaves containing as much iron as non-chlorotic 
leaves. This observation is at odds with those of Weinstein, 
at al. (176) and Su, ot al. (^8), but is supported by those 
of IIjin (86) and Oserkowsky (119). A partial explanation 
for L/his lack of direct relationship would be based on the 
concept of the existence of two forms of Fe in the tissues, 
an "active or physiologically useful form and an "inactive” 
form (119). The physiological activity would then depend 
not on the total tissue Fe but on the oxidation state of the 
Fe and any precipitation or complexing reactions. 
The notion of varietal differences in the absorption 
of minerals is well documented in the literature and Fe is no 
exception (11, 12, 13, 73). However, though the effi¬ 
ciency of Fe utilization in corn has been shown to be controlled 
by a single gene (11, 13) the mechanism is not quite clear. 
Hoffer (73) reported the disparity in Fe absorption ability 
of selfed lines and their crosses; in addition, he reported 
that the amount of Fe was lower in the hybrid than in the 
parents. The experiment testing the accumulation of Fe by 
Wf 9 Ind., Oh AOB and their hybrid does not attest to this 
finding; the hybrid contained an Fe concentration somewhat 
intermediate between those of the parents. In any case, 
these results, based on the F^ population are too in¬ 
conclusive for any generalizations. 
The varietal differences in accumulation of minerals 
have received various explanations. In soybeans Weiss (177) 
and Brown (32) have shown the differences in Fe absorption 
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to be due to the reductive capacity at the roots; thus 
Hawkeye with a greater reductive capacity is more able to 
reduce ferric Fe to the ferrous form than PI 54619-5-1, In 
corn the differences in Mg accumulation have been attributed 
to differences in "feeding power", specifically, cation ex¬ 
change capacity of the roots (127). Foy and Barber (53) 
have disproved this "cation-exchange capacity" hypothesis by 
showing tnat even with a higher root total cation exchange 
capacity, and a more rapid absorption of Mg from solution, 
Oh 403 still contained less leaf-Mg than Wf 9. The low 
leaf-Mg was attributed to an immobiliz ation of Mg in the stems 
of Oh 40B, 
Granted that Oh 40B usually accumulates less Fe than 
Wf 9 Ind., and therefore shows more chlorosis, one questions 
the similarity in the efficiency of utilization of Fe in these 
two inbred lines. Table 11 is a summery of the Fe contents 
of Wf 9 Ind. and Oh 403 cultured at different Fe levels. The 
differences in the Fe content between Oh 40B and Wf 9 Ind. 
are far too small to account for the observed differences in 
chlorosis intensity (See plates la and lb), a further corro¬ 
boration of the "active" Fe hypothesis, since the chlorophyll 
contents are not commensurate with the total Fe in the leaves. 
This then would eliminate all explanations based on absorptive 
and exchange capacity differences, and bring into focus expla¬ 
nations based on inactivation processes. Such processes 
could be a consequence of precipitation of Fe as insoluble 
compounds, chelation of Fe with other compounds, oxidation 
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Table 11. A summary of the Iron contents of Wf 9 Inch and 
Oh 405 cultured at various Fe levels. 
Expt. 
No. 
Inbred Fe Level (ppm ) 
 . 3. 6 9 . 12 24 
Wf 9 Ind. 8? 90 91 105 
1 
Oh 4 OB 73 82 83 80 
Wf 9 Ind. 135 13s 172 172 
3 
Oh 4 OB 125 105 93 102 
Wf 9 Ind. 85 
5 
Oh 4 OB 76 
VJf 9 Ind. 114 133 182 
6 
Oh 4 OB 80 90 100 
r~i 




Oh 40B 82 91 93 
Wf 9 Ind. 102 87 108 
8 (PeSO,. ) 
Oh 40B 90 105 ICO 
Wf 9 Ind. 108 103 120 
8 (FeEDTA) 
Oh 4 OB 110 103 100 
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processes or any other interactions of Fe with other compounds 
that would make it unavailable for synthetic reactions. K and 
Kg, as evidenced by the data are incapable of such reactions 
since K and Kg do not markedly affect the chlorosis or toxicity 
of the plants. 
The role of P in inactivating Pe within the plant cannot 
be over-emphasized, and has been demonstrated by Brown (31). 
Olsen (117) showed that chlorotic plants absorbed more phos¬ 
phate and concluded that iron was precipitated in the leaf 
tissues, particularly along the vascular bundles as ferric 
phosphates; this report has been corroborated by Biddulph and 
Woodbridge (l6) in what they called ’’phosphorus-induced chlo¬ 
rosis”. In the present investigation, it is hypothesized that 
high P contents of Oh 403 and its slightly low Fe content are 
a partial cause of its susceptibility to chlorosis. 
Thus the relative concentrations of Fe and P, expressed 
as molar Fe/P ratios are a major factor in determining the Fe 
status of the plant. 
In the P experiment, Oh 40B had lower Fe/P ratios than 
Wf 9 Ind. and showed more chlorosis. It would appear from 
the data that non-chlorotic plants result when there is an 
internal Fe/P ratio of greater than 0.020 while ratios less 
than this value give chlorotic plants. These ratios are 
slightly higher than those obtained by De Kock (44) for 
mustards,4 0.009 for chlorosis and >0.009 for healthy plants. 
Olsen obtained ratios of 40.009 for chlorotic plants and 
0.011 - 0.014 for normal plants, comparable to those obtained 
S' 
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by Watanabe, et al. (174) for growth. Thus with an increase 
In the relative F concentrations in the tissues, more Fe is 
tied up in phosphate combinations and less is available for 
synthesis reactions leading to chlorophyll formation. 
It has be****- pointed out that as a result of oxidation 
+2 +3 
of Fe to Fe ^ and consequent precipitation of Fe, excess 
Kn in the plant is inimical to the translocation of Fe in the 
plant (56, 131» 144, 152). This would imply that ratio of 
the two cations is a contributor in the determination of the 
efficiency of Fe utilization by the plants, since a relatively 
high Kn content would cause more Fe to be oxidized and preci¬ 
pitated; conversely low Kn would cause less Fe to be oxidized, 
arm hence mere Fe would be available for physiological reactions 
Contrary to the reports of Leach and Taper (104) and Twynann 
(16*4) that the ratio of Fe:Kn in the plant is not significant 
in determining the deficiency or toxicity of Kn, It is sug¬ 
gested in this study that the chlorosis intensity and the 
vigor of the plant are,at least in part, a function of the 
Fe :Kn ratios within the tissues. This Is in agreement with 
Soner3, £t (143, 144) that there is a relationship among 
dry weights of plants, expression of deficiency symptoms and 
ratio of soluble Fe to soluble Kn. 
As with P content, data presented in Tables 6, 6a and 
6b show that Oh 403 usually has more Kn and less Fe than Wf 9 
Ind. This high relative Kn content is associated with a high 
chlorosis rating. Thus very severe chlorosis develops when 
there Is a Fe/Kn ratio of 0.15 - 0.45; mild chlorosis is to 
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be expected at ratios of 0,52 - 1,01 while ratios of 1.52 
to 2.16 give normal or non-chlorotic plants. Iron toxicity 
develops at ratios of much greater than 2.00. However, these 
ratios are not in any way absolute, since with very high 
tissue Fe and high tissue Mn, it is possible to have Fe toxi¬ 
city at Fe/Mn ratios comparable to those that normally would 
cause chlorosis in conditions of limited Fe content. This is 
the case with the development of toxicity symptoms at a ratio 
of 0.43 obtained in Wf 9 Ind, with 24 ppm Fe and 10 ppm Fin, 
In this case the actual Fe and Mn concentrations of the tissues 
are 158 and 3&7 ppm, respectively. In rice, Tanaka and Nava- 
sero (151) reported that where the Fe is very high, even 
plants which are high in Mn suffer from Fe toxicity, Somers 
and Shive (144) found that normal soybean plants resulted when 
the ratio of soluble Fe to soluble Mn was within the range 1.5- 
2.5. When the ratio was above 2.5 the symptoms were those of 
Fe toxicity (or Mn deficiency) while at ratios below 1.5* the 
plant showed signs of Fe deficiency (or Mn toxicity). 
The hypothesis which is advanced in this thesis, ie. 
that Fe toxicity and deficiency are a result of a nutrient 
imbalance involving Fe, Mn and P is further lent credence by 
the data presented in Tables 8 and 8b. While an inorganic 
source of Fe, such as FeSO^ may permit the absorption and 
accumulation of as much Fe as an organic chelate, it does allow 
for a greater accumulation of P and Mn than FeEDTA. The 
higher P and Mn accumulations in the tissues of plants grown 
in ferrous sulfate have resulted in the development of chlorosis. 
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Again, fi om iaese data, it is evident that Oh 40B has a lower 
Fe/Kn and Fe/P ratio than Wf 9 Ind. and hence is more prone 
to chlorosis and less susceptible to Fe toxicity. Fe/P ratios 
of less than 0.009 result in chlorosis while ratios greater 
than 0.009 give nonchlorotic plants. Similarly Fe/Mn ratios 
of 0,42 - 1.26 give chlorosis while ratios of greater than 
1.26 give nonchlorotic plants. Toxicity of Fe results when 
Fe/P and Fe/Mn ratios are greater than 0,015 and 1.47, res- 
% * 
pectively. 
Another observation.that gives impetus to this hypothesis 
is evident from data in Table IQ. The lowering of P and Mn 
contents and hence, the elevation of Fe/P and Fe/Mn ratios in 
Oh 40B, which occurs with age renders this line nonchlorotic 
at maturity, even at the low Fe levels. In young plants these 
ratios are usually so low as to cause deficiency symptoms, but 
in mature plants, the ratios are increased to 0,011 for Fe/P 
and 4.5 for Fe/Mn. This fluctuation in chemical composition 
has been reported by Gorsline, et al. (60) and recently by 
Halin, .et al, (65) who classified corn inbred lines, with 
respect to their reaction to Zn, into four categories based on 
the time of appearance and disappearance of the symptoms. 
According to this system of classification, Oh 40B would be 
regarded as a "late resistant" inbred and Wf 9 Ind. as a re¬ 
sistant line, with respect to Fe. 
The concentration of Fe at which toxicity symptoms 
appear as variable. It is a function of not only the abso¬ 
lute Fe content of the tissues, but also of other nutrional 
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and environmental inter-relationships. In rice, Tanaka, et al. 
(151) have noted that where the Fe level in the culture solution 
is 1ow, absorbed Fe is translocated to growing leaves; increases 
beyond the depositing capacity of the roots leads to the trans¬ 
location of Fe from the culm to the leaves - translocation to 
the old leaves is more rapid than to the young ones. When 
the Fe content of the leaves exceeds a critical level, Fe is 
deposited and forms the typical brown spots, characteristic 
of bronzing; the critical' level in rice is probably about 3°0 
ppm and may vary according to^leaf age. The symptoms obtained 
for iron toxicity in rice are very similar to those in corn. 
This is not surprising since they are both monocots. 
It seems: that the sane mechanism by virtue of which 
Wf 9 Ind. is resistant to chlorosis also renders it susceptible 
to Fe toxicity. Thus under conditions of high P and Mn, Wf 9 
Ind. would be more able to withstand Fe inactivation and preci¬ 
pitation and problems of Fe unavailability, than Oh 40B. On 
the other hand, under conditions of P and Kn starvation, Wf 9 
Ind. would be very prone to toxicity from Fe and deficiency 
of P and Mn. 
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SUMMARY 
The mechanism of differential response of corn inbred 
lines, Oh 403 and Wf 9 Ind. to iron nutrition was studied. 
Oh 4OB is inefficient while Wf 9 Ind, is nutritionally effi¬ 
cient with respect to iron. At several FeEDTA concentrations 
in the nutrient medium, Wf 9 Ind. usually had the higher 
tissue Fe concentration, but this difference was not sufficient 
to account for the observed differences in chlorosis. 
In experiments testing Fe/ -P and Fe/ -Mn interactions, 
Oh 403 accumulated more P and Mn, and showed more chlorosis. 
When allowed to grow to reproductive maturity, Le. at tas- 
selling, Oh 403 lost all signs of chlorosis with a concommitant 
decrease in the concentrations of P and Mn. It is concluded 
that Oh 403 is more susceptible to chloro si s a t the early 
stages- than Wf 9 Ind. because of its lower Fe/P and Fe/Mn 
ratios and consequently lower amounts of free Fe, 
Fe toxicity symptoms were induced in Wf 9 Ind. and not 
Oh 40B, by growing them at high levels- of Fe. At 24 ppm Fe, 
Wf 9 Ind, showed signs of Fe toxicity while Oh 403 was still 
chlorotic. It is concluded that Wf 9 Ind. is more prone to 
Fe toxicity because of its more available iron in the tissues, 
as indicated by the higher Fe/Mn and Fe/P ratios. 
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